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CHAPTER I

INTRODUCTION
1.1 An Overview of the Dissertation and Its Objectives

The utilization of rigid polymers in structural and connective ele-
ments is abundant in nature, from the networks of microfilaments and
microtubules of the cytoskeléton—-the structural foundation of individ-
ual cells, to the network of chitin microfibrils comprising the cuticle
of insects--the elaborate body and wings which are considered to be the
secret of their evolutionary success. It is therefore not surprising
that synthetic rigid polymers have been developed, from which high
performance fibers and films can be fabricated.

The success of both naﬁural and synthefic materials in fulfilling
their structural function lies in the combination of chain rigidity on
the molecular level, and suitable arrangement of chains on the supra-
molecular scale. The nature and origin of the morphological features at
the scale of 50-10005 are not well understood. In many cases involving
both natural and synthetic rigid polymers, the microstructure is formed
by a phase transition frbm a soluﬁion to a solid state having the de-
sireé structure and properties. Such phase transitions are the focus of
this dissertation.

The objective of this thesis is to study the microstructure formed
as a result of a phase transition in two well-defined cases of solutions
of a rigid polymer. A correlation of the morphology with the phase

equilibria and the kinetics of the phase transition is sought.




The state of the solution prior to the transition is an important
consideration. Solutions of rigid polymers exhibit a wide variety of
mesophases and textures which may influence the formation of.gtructure
in a complicated way. In this thesis the two simplest cases are consi-
dered: an isotropic solution and a monodomain nematic solution.

A sound microstructural characterization is best approached by com-
bining the direct visualization, provided by electron microscopy, albeit
perturbed by the method of sample preparation, with appropriate scatter-
ing measurements, which do not uniquely determine the structure and
require a model for interpretation. The guiding principle is therefore
to utilize specific electron microscopy tecﬁniques suitable for the
systems under study to provide structural models which can be tested by
small-angle x-ray scattering (SAXS) meaéurements. The experimental
techniques used are summarized in Chapter II. The theoretical framework
for the interpretation of SAXS measurements from oriented fibrils is
derived in Chapter III.

The major part of the thesis is a study of the coagulation stage in
the spinning process of poly(é-phenylene benzobisthiazole) (PBT) fibers
and.films, which have been developed under tﬁe U.S. Air Force Ordered
Polymers Program. Previous studies were centered on the heat treatment
and drying stages of the spinning process, and related the excellent
tensiie properties achieved by optimization of these processes to an in-
crease in chain orientation along the fiber axis and to improved lateral
packing between neighboring chains. Yet the compressive properties

remain relatively poor and cannot be enhanced by either post-treatment.




It is in the coagulation stage that the monodomain nematic solution

undergoes a transformation to the solid state by the action of a non-
solvent. In Chapter IV, the basic structural elements of PBT fibers and

films formed in the coagulation process, which may be largely responsi-

ble for their compressive properties, are characterized. An interme-

diate crystal-solvate phase which may occur during coagulation by co-
crystalization of polYmer and solvent is described, and the effect of
its formation on the final microstructure is discussed.

Synthetic polypeptides behave as rigid rods when dissolved in sol-
vents which induce a helical conformation of the polymer. Such solu-
tions are useful model systems due to the availability of polymers with
well characterized molecular weights having reasonably narrow distribu-
tions. Solutions of poly(Y-benzyl-iL-glutamate) (PBLG) in helicogenic
solvents exhibit a gelation transition upon a decrease in temperature
from both isotropic and ordered solutions, even at concentrations as lo&
as Q:OS%. The structure of the gel, as well as the mechanism of its
formation, are not well understood. The morphology of a PBLG gel formed
from a dilute isotropic solution is characterized in Chapter V. Cryo-
genic methods allow observation of the gel microstructure by electron
microscopy, and are augmented by SAXS measurements.

Chépter VI concerns the relationship between phase equilibria, the
kinetic mechanism of the phase transition, and the ensuing morphology.

A nucleation and growth mechanism, controlled either by nucleation or
diffusion, as well as spinodal decomposition, are considered with re-

spect to both gelation of an isotropic PBLG solution and cdagulation of



a monodomain nematic PBT solution. The relevance of the crystal-
solvate phase to structure formation in both cases is discussed.
The conclusions of this study are summarized in Chapter VII, as

well as recommendations for future studies.

1.2 Phase Equilibria in Solutions of Rigid Polymers

1.2.1 The Lattice Theory of Flory

Due to their rod-like nature, a solution of rigid polymers can
become ordered above a certain critical concentration. The ordered,
liquid crystalline phase is characterized by a high dégree of orienta-
tional order but very little positional order, and is thus intermediate
between the isotropic fluid and crystalline solid phases. Early
theories due to Onsager [1l] and Isihara [2] were able to predict the
- critical concentration and pointed out the possibility of a first order
transition based on purely entropic grounds, in the absence of attrac-
tive interactions between the rods. 1In 1956 Flory presented a lattice
model for solutions of semiflexible [3] and rigid [4] polymers by which
the equilibrium between the isétropic and ordered phases may be pre-
dicted as a function of the molecular axial ratio and temperature. This
theory was found to be in agreement with experimental results of several
different systems and has been subsequently refined and extended, as
reviewed recently by Flory [5]. For the purposes of this thesis, the .
original theory [4] is sufficient.

Flory considered the rigid molecule as situated in a cubic 1atticé

having one of its axes parallel to the direction of preferred




orientation, and the cells of which have a dimension equal to the width
of the rod—iike‘polymer. To consider different orientations of a rod,
it is divided ihto submolecules which are parallel to the preferred axis
as shown in Figure 1.1. The number of submolecules (yi) is determined
by the inclination angle of the rod relative to the axis of preferred

orientation (Wi):
yi = xsin‘{’i (1.1)

where x is the axial ratio of the rod-like polymer. An average dis~

orientation parameter can be defined as

y = (—T‘%) x <sin ‘{/i> ' (1.2)

which serves as an order parameter whereby §=x denotes an isotropic
system (<sin¥>=7/4), and §=l denotes a state of perfect order.

The entropy of mixing is calculated by evaluating the total parti-
tion function for a system of np rod-like polymer molecules and n_
éolvent molecules. It is given as a product of a combinatorial term and
an orientational term. The former accounts for the number of configura-
tions available for placement in the lattice of np rods having an aver-
age orientation ;, and ns solvent molecules. The latter term accounts
for the number of orientations available for each rod. The configura-
tional entropy for a given rod concentration is shown to be maximized at

an average disorientation parameter y which satisfies:

v, = [x/(x-y)] [l-exp (-2/¥) ] (1.3)
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Figure 1.1. Representation of a rod by means of submolecules in
a lattice (Following P. J. Flory, ref. [4]).




where vp is the polymer volume fraction
v_=xn_/(n +xn ) 1.4)
P p/( L (

A useful approximation for the critical concentration for the incipience
of metastable order (v;) is obtained from the minimal volume fraction

for which a solution to equation (1.3) exists:
v; = (8/x) (1-2/x) (1.5)

If the interactions between the rods do not depend on their mutual ori-
entation, the enthalpy of mixing can be taken into account using the
Flory-Huggins X-parameter, as in the case of flexible polymers ([6]. The

free energy of mixing is thus given as:

AGm/kT = nsﬂ,nvs + nplnvb—(ns+ynp)2n[1-vp(l-y/x)]

_nplln(xyz)-y+1] + Xxnpvs (1.6)

In the case of perfect alignment (y=1) equation (1.6) reduces to that of
a regular solution (ideal entropy), whereas for complete‘disorder (§=x)
it reduces to the Flory-Huggins equation for a solution of a flexible
polymer [6] with an additional disorientation entropy term. The chemi-
cal potentials of the solute and solvent in the isotropic and ordered
phases are obtained by differentiation of equation (1.6), using the
value of § that satisfies equation (l1.3) for the ordered phase or §=x
for the isotropic phase; The coexistence curves are derived by equating
the chemical potentials of each component in the isotropic and ordered
phases.

The phase diagram predicted by Flory's 1956 theory, as shown in

Figure 1.2 for an axial ratio x=100, exhibits unique features. At
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Figure 1.2. Phase diagram predicted by Flory’s theory (1956),
for a solution of a rigid polymer, having axial ratio x=100.




negative X (or high temperatures) a narrow biphasic region (“chimney
region"), the boundaries of which depend on the axial ratio but very
little on X, abruptly changes at slightly positive X (lower temperature)
to a wide biphasic reéion separating a very dilute igotropié phase and a
concentrated ordered phase.
1.2.2 Modifications Due to Crystallization
at High Polymer Concentrations

Flory's original theory [4] and its‘subsequent modifications were
successful in predicting the phase equilibria of several experimental
systems at low polymer concentrations [5]}. Krigbaum and Ciferri (7,8]
have recognized the importance of a transition from the liquid phase
(either isoﬁropic or ordered) to a cryétalline phase, in view of the
extremely high melting temperature of rigid-polymer crystals. In parti-
cular, the concentrated ordered liquid phase, which is predicted by
Flory's theories to exist at the boundary of the wide biphasic region,
is considered to be metastable relative to an ordered crystallxne phase.

Helting point depression relationships, of both ordered and isotropic

.solutions of rigid polymers, have been deduced. For example, the phase

boundary of the ordered solution with respect to formation of a crystal-
line solid has been predicted (7], based on Flory's original theory [4)

to follow:

%}04

.’:_.-' _ P o 2
T + y-1vy fny™] + 2 - xv_ "} @.7)

- - b
£
vwhere lh' and Anf are the melting temperature and the heat of fusion per

mole of the crystaline polymer, and y conforms to equation (1.3). This



relation has been found to be in qualitative agreement with the behavior
of solutions of poly (benzamide)‘[PBA] {9}.

Papkov and coworkers [10,11] have promoted the éoncept of a
crystal-solvate phase. This is a crystalline solid phase formed by co-
crystallization of polymer and solvent molecules in a distinct composi-
tion and crystal structure.. The crystal-solvate phase has been observed
in many soldtions of rigid polymers (1ll]. In general seve;al crystal-
solvate phases, having different polymer/solvent compositions, may be
formed in a particular system. Gardner et al. [12] reported the phase
behavior and crystal structure of poly(p-phenylene-terephathalamide)
{PPTA] /sulfuric acid crystal solvates. The crystal transformations and
thermal behavior of the PBA/N,N-dimethyl acetamide/LiCl system have been
described [13,14]. Investigations of the crystal solvate phase of PBT
will be described in section 1.3.2. These studies indicate that the
crystal solvate phase has much lower melting temperature and heat of
fusion as compared to the crystalline polymer, the melting of which is
often inaccessible due to the onset of decomposition at very high tem-
peratures. A generalized phase diagram [10], in which equilibria with
respect to a czy#talline polymer phase as well as a crystal solvate
phase are superimposed on the liquid-liquid nhase equilibria predicted
by Flory (4], is shown in Figure 1.3. For clarity, only one crystal-

solvate phase is considered.

10




XS+P

Figure 1.3. A schematic phase diagram of a solution of a rigid
polymer. I - isotropic solution, N — nematic solution, XS - crystal-
solvate, P — crystalline polymer, vp — polymer volume fraction.
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1.3 Poly(p-phenylene benzobisthiazole)-PBT
1.3.1 a Reﬁiew of Processing, Structure and
Properties of PBT Fibers and Films

PBT has the chemical structure given below:

OO0,

It is synthesized by condensation polymerization in polyphosphoric acid

(pPA} [15]. The Mark-Howink relation for PBT in methane~sulfonic acid

{MSA) has been reported as [16];

1.8

() = 1.25 x 10~/ u:-®raz/g) (1.8)

Polymers having intrinsic viscosities up to 47 di/g, corresponding to a
molecular weight about 58,000, have been synthesized. A molecular
weight distribution having Mw/MnN1;3 has been reported {17]. A lower
bound of its persistence length in chlorosulfonic acid (CSA) has been
estimated as 6403 [18]; thus PBT in solution behaves essentially as a
rigid rod-like molecule. PBT dissolves only in strong acids (PPA, MSA,
CSA), in whiéh the nitrogen atom in the PBT repeat unit is protonated to
form a rod-like polycation {16,19]. Solutions of PBT in such acids
exhibit an isotropic-nematic phase transition, which has been observed
by optical microscopy and viscosity measurements [20-24]. The shape of
the coexistence curves is characteristic of the narrow biphasic region,
the ratio of the polymer concentration in the coexisting phases being

about 1.04 [20]. The coexistence curves shift towards higher polymer

concentrations at elevated temperatures (20,21].

12



Fibers and films are spun from PBT solutions in a process which
involves a succession of operations. The polymer solution is extruded
through a die into an air gap, where it is extended in an elongational
flow, and is introduced into a coagulation bath, where a phase transi-
tion to the solid state is induced by a non solvent (typically water).
The coagulated fiber or film is then dried (at which point it is termed
"as-spun") and subsequently heat-treated under tension [25]. The abil-

ity to induce elongational flow in PBT/PPA solutions prior to coagula-

tion is essential to maximize the degree of uniaxial orientation of the

PBT molecules. Spin draw ratios up to 30:1 have been achieved, thus
ensuring that coagulation takes place in essentially a monodomain
nematic state.

The crystal structure of PBT has been studied by x-ray diffraction
and electron microscopy [25-28]. The diffraction pattern of heat
treated fibers exhibits sharp equatorial reflections and diffuse meridi-
onal streaks, which have been interpreted as resulting from an ordered
lateral packing of the polymer chains with random translational disorder
along the chain axis. Both a primitive (2=1) and nonprimitive (2=2)
monoclinic unit cells have been proposed fo: the lateral packing of PBT
chains [26,27], which zre slightly different versions of a basic primi-

tive cell having the following dimensions [28]:
o -] (-]
a = 5.97A b = 3.62A c = 12.45A Y = 95.2°

Lattice images of PBT have been obtained [29], revealing fringes origi-
-] -]
nating from equatorial (5.97A) and meridional (12.45A) reflections.

This indicates the existence of regions having a high degree of coherent
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packing of chains. The observation of lattice fringes originating from
meridionai reflections is evidence that these regions have a three-
dimensional crystalline order. The distribution of intensity along the
layer lines has been shown recently to be inconsistent with the model of
a random axial shift disorder. New models afe currently being evaluated
[30].

PBT fibers are noted for their excelleht tensile properties, as
well as high thermal stability. Tensile modulus greater than 300 GPa
and strength exceeding 3 GPa have been reported (31,32], yet the trans-
verse and compressive properties are considerably lower. The compres-
sive strength is less than 0.3 GPa, failure invariably occurring by
buckling [33].

Previous studies have focused on the heat treatment [3l] and drying
[32] processes, where under suitable conditions a twofold increase in
the tensile modulus and tensile strength has been achieved. This has
been attributed to enhancement of the chain orientation along the fiber
axis and to better lateral packing of the chains. The lateral dimension
of regions of coherently scattering PBT chains has been estimated by
dark~field electron microscopy imaging ([34] and from the breadth of the
equatorial x-ray diffraction maxima [35]. An increase in the dimension
of lateral coherence from 10—20; in the as-spun state to about lQOR
after tensional heat treatment has been observed. Since the compressive
strength in the as-spun and heat-treated states is comparable [32,33],

it is evident that the degree of lateralvpacking, which is detexmined in
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the drYing and heat-treatment processes, does not cbﬁtrol the compres-
sive properties.

'In a study of the spinning proceés of PBT fiberg from PPA solutions
it has been observed that the diameter of the solution stream does not
change appreciably during the coagulation process, Qhereas it decreases
during drying to about 30% of its value in the wet-coagulated state
[33]. Despite the fact that the wet-coagulated fiber may contain more
than 90% water, its ability to sustain a tensile force is equivalent to
that of the dry (as-spun) fiber [33,35]. This indicates that the basic
structural features responsible for the mechanical properties are set in

the coagulation process.

1.3.2 The "Crystal-Solvate" Phase-PBT/Solvent Co-crystals

The formation of the crystal-solvate phase in solutions of PBT in
MSA was first studied by Frost [37,38]. A dilute, isotropic.solution of
low molecular weight PBT ([n] = 2d%/g in MSA) was allowed to coagulate
slowly between a microscope slide and a cover glass by absorption of
atmospheric moisture. After several days a solid phasé developed, in
the -form of spherulites observed by optical microscopy, as shown in
Figure 1.4. As the principal polarizability of PBT is along the chain
axis, the fact that the spherulites are optically negative indicates
that the PBT chains are oriented in the tangential direction. This is
.verified by electron microscopy of the system after 